We study multiple scattering of electromagnetic waves by an array of parallel gyrotropic circular rods and show that such an array can exhibit fairly unusual scattering properties and provide, under certain conditions, a giant enhancement of the scattered field. Among the scattering patterns of such an array at its resonant frequencies, the most amazing is the distribution of the total field in the form of a perfect self-similar structure of chessboard type. The scattering characteristics of the array are found to be essentially determined by the resonant properties of its gyrotropic elements and cannot be realized for arrays of nongyrotropic rods. It is expected that the results obtained can lead to a wide variety of practical applications.
Multiple scattering of electromagnetic waves by periodically spaced elements demonstrates many intriguing features that are of considerable practical and scientific significance [1] [2] [3] [4] [5] . Knowledge of the individual properties and mutual location of elements in a periodic structure illuminated by an incident electromagnetic wave makes it possible to determine the spatial distribution and other characteristics of the scattered field. At a fixed frequency, the properties of periodic structures can be controlled by a change in the positions and material parameters of the scattering elements. In many cases, it is almost impossible to change the internal geometry of a periodic structure such as a photonic crystal, for example, without its destruction or serious damage. However, the properties of the scattering elements in the array can easily be controlled if they consist of resonant gyrotropic materials, the parameters of which in some frequency ranges can be very sensitive to even slight variations in an external dc magnetic field. Such a possibility opens up new promising prospects for controlling the scattering characteristics of an array of such elements without changing their sizes or positions. Despite significant progress in the analysis of multiple scattering by periodically spaced resonant nongyrotropic elements [6, 7] , the results obtained for them cannot be used for arrays of gyrotropic scatterers because of the fundamental difference between the scattering characteristics of nongyrotropic and gyrotropic elements. Although gyrotropic photonic crystals have recently been discussed in the literature [3, 4] , most works on the subject do no consider the role of individual resonant properties of the periodically spaced gyrotropic elements constituting the array in the formation of the scattering pattern. Meanwhile, one can expect that the joint contribution of the individual and collective resonance scattering mechanisms to the diffracted field of arrays containing gyrotropic elements should lead to many interesting phenomena, the features of which are yet to be determined. In this work, the scattering of a normally incident plane electromagnetic wave by a two-dimensional array consisting of parallel resonant gyrotropic circular rods is considered and the unusual scattering properties of such a structure are revealed and discussed.
Consider an equidistant array of identical parallel rods of radius a (see Fig. 1 ). The rods are embedded in a uniform background medium and aligned with an external magnetic field which is parallel to the z-axis of a Cartesian coordinate system (x, y, z). The axes of the rods lie in the xz plane and are specified by the relations x = jL and y = 0, where L > 2a and j = 0, ±1, ±2, . . . . The medium inside each rod is described by the permittivity tensorε which is typical of a magnetoplasma and has the following nonzero elements: ε ρρ = ε φφ = 0 ε, ε ρφ = −ε φρ = −i 0 g, and ε zz = 0 η. Here, 0 is the permittivity of free space,
2 , where ω p and ω H are the plasma frequency and the gyrofrequency of electrons, respectively, and ω is the angular frequency. The medium outside the rods is isotropic and has the dielectric permittivity ε out = 0ε . The incident wave is assumed to be a TE monochromatic plane wave whose magnetic field is polarized in the z-direction. We will not consider the incidence of a TM wave because its scattering is unaffected by the gyrotropic properties of the rods and similar to that in the case of isotropic rods. The wave vector k of the incident wave has the components k x = −k cos θ, k y = −k sin θ, and k z = 0, where k = k 0ε 1/2 is the wave number in the surrounding medium (k 0 is the wave number in free space) and θ is the angle of incidence, which is reckoned from the positive direction of the x-axis.
Omitting a time factor of exp(iωt), the total magnetic field normalized to the incident-wave amplitude can be sought in the form
where m is the azimuthal index (m = 0, ±1, ±2, ...), D j,m is the multipole coefficient characterizing the scattering by the jth rod to the mth azimuthal harmonic of the field, H
m is the Hankel function of the second kind of order m, ρ j is the distance from the axis of the jth rod to the observation point in the incidence plane, and φ j = arcsin(y/ρ j ). In Eq. (1), the first term represents the field of the incident wave, while the other terms account for the scattered field. The magnetic field H z;j,m of the mth azimuthal harmonic inside the jth rod is written as
where the multipole coefficient B j,m characterizes the field of the corresponding harmonic, q = [(ε 2 − g 2 )/ε] 1/2 , and J m is the Bessel function of the first kind of order m.
Satisfying the boundary conditions for the tangential field components H z;j,m and E φ;j,m on the surface of the jth rod and using the standard technique based on the scattering matrix method [1, 8] , we can exclude the coefficients B j,m and obtain a system of equations for the scattering coefficients D j,m in the form
where S m is the single-rod scattering coefficient:
Here,
1/2 a, and the prime denotes the derivative with respect to the argument.
The translational symmetry of the problem makes it possible to use the discrete Fourier transform (with respect to j) and its inverse:
The Fourier transform of the incident-wave field comprises the Dirac function δ(hL − kL cos θ). Therefore, we will seek D m (h) in the form D m (h) =D m δ(hL − kL cos θ). As a result, we arrive at the following system of equations forD m :
where
If the rods are electrically small such that ka 1, we can restrict ourselves to the dipole approximation and retain only the terms with m = ±1 and n = ±1 in Eq. (6). Then from Eq. (6) we havê
kL/2p 
Re S1
Im D-1 The array factors G 0 and G 2 in Eq. (8) have resonances in the cases kL cos θ = 2πν for |θ| < π/2 and kL = 2πν for |θ| = π/2, where ν = 1, 2, . . . . We will denote the corresponding resonant frequencies by ω ν . Figure 2 shows the frequency dependences of the quantities in Eq. (8) for θ = π/2. It is seen in Figs. 2(a) and 2(b) that G 0 and G 2 are discontinues functions of kL. When approaching the resonant value of kL from the side of larger kL, the real and imaginary parts of G m tend to infinity and certain finite values, respectively. But if the resonant value of kL is approached from the side of smaller kL, then the real and imaginary parts of G m tend to some finite values and infinity, respectively. Such behavior no longer takes place if the array is nonequidistant, the number of rods in the array is finite, or the surrounding medium is lossy.
In the case where ka 1 and k 0 |q|a 1, the singlerod scattering coefficients S −1 and S 1 have the resonant frequencies ω I and ω II , respectively, which are located on different sides of the surface plasmon resonant frequency ω r of an isotropic plasma column [9] . The frequencies ω I and ω II are approximately determined by the equation
It can be shown from this equation that under the additional conditionε = 1, one obtains
With decreasing external magnetic field (ω H → 0), the resonant frequencies ω I and ω II tend to ω p / √ 2. With increasing external magnetic field (for
Interaction of the individual and collective mechanisms of scattering can lead to both an increase and decrease in the scattering from the array compared with the scattering by a single rod. To demonstrate this fact, Figs. 2(e) and 2(f) show the frequency dependences ofD ±1 in the case where the frequency ω 3 of the ν = 3 collective resonance of the array coincides with the resonant frequency ω II of a single gyrotropic rod. In this case, the coefficientD −1 has the most pronounced resonance peak at a frequency that is very close to, but slightly lower than the frequency ω I , along with much less pronounced peaks at ω II and ω ν . At the same time, the coefficientD 1 has minor peaks near ω I and ω ν . However, the behavior ofD 1 in the vicinity of ω II differs significantly from that ofD −1 near ω I . An important feature of the coefficientsD ±1 is that they decrease and become comparable, so that the scattering occurs as in the case of isotropic rods, if the frequency ω tends to any of the quantities ω ν from the side of the higher frequencies. In this limit, the coefficientsD ±1 turn out to be very small and the array becomes almost transparent for the incident radiation.
Generally, the field scattered by an array of gyrotropic rods differs significantly from that in the case where an array consist of isotropic cylindrical scatterers. Before proceeding in comparison of these two cases, we turn to the fields scattered by a single rod when the incidence angle θ = π/2. Figures 3(a) and 3(b) show the snapshots of the scattered-field component H sc z at the frequencies ω I and ω II in the case of a single gyrotropic rod. Each of the presented fields has a pronounced helical structure and differs significantly from the field scattered by an isotropic rod at the resonant frequency ω = ω r [see Fig. 3(c) ]. It is seen that an isotropic rod scatters the incident wave rather weakly in the direction perpendicular to the wave vector of the incident wave, whereas the scattering pattern of a gyrotropic rod is much more uniform. Far from the rod, this pattern resembles the spatial structure of the m = 0 azimuthal harmonic of the field scattered by an isotropic rod [see Fig. 3(d) ]. The above-mentioned features directly affect the multiple scattering by an array of cylindrical rods. For example, the absolute value of the total field H z shown in Fig. 4(a) for the case of scattering of a plane wave at the frequency ω = ω II ω 5 by the array of gyrotropic rods has a periodic structure in the form of a chessboard. The absolute value of the total field in the case of scattering by the array of isotropic rods at ω = ω r ω 5 does not possess such a spatial structure [see Fig. 4(b) ]. To better clarify the difference between the both cases, it is instructive to compare the corresponding scattered fields, which are shown in Fig. 4(c) and 4(d) . The absolute value of the field scattered by the array of gyrotropic rods is periodic along the x-axis and slowly varies in the direction of the y-axis. This is related to an almost axisymmetric far-field scattering pattern of each of the gyrotropic rods forming such an array. If the field scattered by an array of isotropic rods were dominated by the m = 0 azimuthal harmonic, then this field would by very similar to that shown in Fig. 4(c) . However, such a spatial structure cannot by observed for the array consisting of isotropic rods, because their individual scattered fields are of dipole nature and form another pattern presented in Fig. 4(d) .
Under certain conditions, one of the coefficientsD −1 and D 1 can increase extremely greatly, so that the total field is predominantly determined by the scattered field. This situation is depicted in Fig. 5 and takes place when both the real and imaginary parts of the denominator in Eq. (8) simultaneously tend to zero. Such a giant enhancement of the scattered field is observed in the case of a small mismatch between any of
